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ABSTRACT

This is the first annual technical progress report on a research program on

liquid metat embrittlement (LME). The Frhenomenon of LME is being investigated

on levels from the atomic through bulk specimen and structural properties, and is

being considered from both experimental and theoretical viewpoints. The reseorc&

is aimed at elucidating the three important aspects of IME, namely, the mechanism

by which embrittlement takes place ot a crack, or potential crack, tite, the mechani-

nism by which the embrittling species is transported to this site, and the various

metollurgicaiphysical, and mechanical factors which have a significant infltence

on the so-farity of the embrif;#ement.

Eleven specific investigatioiis are undervway, in various stages of progress, with

the first two topics aimed primarily at an understanding of the transport mechanisnm in

LME, the second rive at the embrittlement mechanism, and the next three at mecha-

nical und metallurgical factors influencing the embrittlement. The last topic is an effort

at a new theoretical approach to LME.



I. Embrttlement by Solid Metals

Chief Investigotor: W. R. Warke
Associate Investigator: P. Gordon
Graduate Student : J. C. Lynn

Purpose: To investigate "liquid" metal embrittlement below the melting point of

the embrittler.

Progress: A high temperature dual-ronge extensometer has been receiveO. The

system for testing, including a Baldwin testing machine, a split furnace and 'ern-

peroture con•roller, temperature recorder, high temperature extensometer and

stress-strain recorder, has been set up, calibrated and is now in operation.

The base line (unembritttkd) elevated temperature tensile properties of the

4140 steel to be used throughout this study have been determined and are shown in

Fig. I . A peak, due to dynamic strain aging, was observed in true fracture

strength around 550 F. The reduction of area increases gradually from 55% at room

temperature to 75% at 800°F.

Embrittlement by the solid metals, lead (99.9999%), cadmium (99.9999%) and

tin (99.999%), respectively, has been studied using surface wetted tensile speci-

mens. The soldering technique for wetting the embrittler to the specimen surfaces

was the some as that employed by Warke.0 1 The soldering temprotures were 6750 F,

665°F and 500 F for lead, cadmium and tin, respectively. Tensile tests were run

from room temperature to the respective melting points (618°F, 6109F and 4500F).

Elevated temperature tensile prope-ties for these three cases (Pb, CdoandSn) ore

shown in Figs. 2, 3 and 4, respectively. Both the true fracture strength and reduc-

tion of area decrease drastically with increasing temperature.

The en*brittlement is revealed more clearly by the decrease with increasing

temperature of the normalized true fracture strength and the normalized reduction
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of area, Figs. 5, 6 and 7, where the norr-alized tnie fracture strength (orreduc-

tion of area) is the ratio of true fracture strength (or reduction of area) for a

specimen with an embrittler soldered on the surface, to that of a bose specimen

heat treated to the some strength level (i.e., Fig. 1) . When these normalized

true fracture strengths and reductions of area are plotted against homologous tem-

perature (test temperature divided by the respective melting point of the embrittler,

ifmperatures are in degrees absolute), Fig. 8, it can be seen that these embrittlers

(Pb , Cd and S5) become effective wheri the test temperature reaches approximately

three quarters of the respective me!ting points. Although there is some scatter in

the data, it seems that cadmium embrittlement is more severe than leadembrittlement,

and lead embrittlement is more severe than tin embrittlement, with respect to homo-

logaus temperature. This tendency is consistent with the vapo: pressures of the

embrittlers (cadmium has the highest vapor pressure and tin has the lowest vapor

prcssure). The fact that the ratios appear to approach a single value at the melting

temperature (see Fig. 8), seems to indicate that the severity of the embrittlement

proceeds at a decreasing rate as temperature increases to the respective melting.

points (H. T. = I ). In other words,there may not be much d;fference bet.r.;an these

three ernbrittlement couples once the embrittler is molten.

The fractures of the base specimens, typical of those in high strength steel, 12 1

were ;n;t;ated fibrously in the center of the specimen and propagated outward

catastroph;cally. The appearance of the fracture surfaces of the surface wetted

specimens indicated that the fracture was initiated from the surface where the em-

brittler was adhering to the specimen. The embrittled region, perpendicular to the

load;ng axis, ;ncreasd with increasing temperature and near the melting point iooked

s-'ny. The rema;nder oa the fracture sur'ace was uwually dominated by s.-taar Fracture,
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inclined at 450 to the loading axis. The given test temperature was that at the

start of the tensile test. Some heating due to straining was observed and often

raised the specimen temperature 20 to 25OF before fracture. Those specimens ex-

hibiting shiny fracture origins were found to have been heated to the melting point

of the e.brittler in this way. Secondary stable micro-cracks near and parallel to

the pri.nary fracture were also observed in several severely embrittled specimens.

Future Plans: Elevated temperature tensile tests *i;l be contin..'d with other

potential embrittiers wetted on the specimens. Other ways of putting the em-

brittlers on the specimens will be stud--ied, as well. Stress rupture mochines will

be ordered ;n ite near future. Quantitative studies of the embrittlement will be

oossible once the activation energy of the e.nbrittlement has been obtained by

delayed failure tests.

2. Corbined Influence of Strain Rate and Temperature on LWE

Chief Investigator: J. W. Dally
Associate Investigator: N. N. Breyer
Graduate Students: B. D. Agarwa/and

K. L. Johnson

Purpose: To study strain rate-temperature effects aimed at delineating the trans-

port mechanism in LME a.ent in producing brittle fracture of a normally ductile

material. Several of the more important of these parameters include: the state of

stress, alloy composition, metallurgical structure, strength level, composition of

LME agent, temperature and strain rate. Of these parameters, the temperatureand

strain rate appear to jointly affect the fracture behavior in the presence of an LME

agent. It is 'believed that these two perormeters are directly related in the control

or the transvort ohenomeno whtere the LM is mointoined in close Proximity to the

"racture fron+.
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The combined influence of strain rate and temperature on fracture in the

presence of an LM environment has been previously examined on a limited basis by

other investigators. Rostoker 13 1 has reported the results of a seriesof tests conducted

with tensile sheet specimens of aluminum alloy 2024 T 4 wetted with a raercury

amalgam containing 3% zinc. The results of these tests shown in terms of per cent

elongation as a function of test temperature with strain rate as a parameter are

given in Fig. 9 . It is evident that the aluminum alloy is embrittled for all the

strain rates considered; however, the temperature at which a significant level of

ductility is regained increases with strain rate. Indeed, the transition temperature

(brittle to ductile) has been expressed as

0
T = A log" B (1)

where the constants A and B depend upon the elongation considered to repcesent

the transition from brittle to ductile fracture.

Another study with aluminum alloy 2024 T 4 wetted with mercury was con-

ducted by Barclay and Rhines !41 where tensile specimens were impactf.d at room

temperature to obtain loading rates varying from about 50 to 1200 in/sec. Their

results, shown in Fig. 10, indicate that embrittlement occurs over the entire range

of lo-ding rates; however, the difference in the reduction in area between LM

an-d air environment decrease-. as the lood;ng rates increase.The apparent decrease inem-

brittlement is attributed to the loci of time for cracl initiation at high loading

rates.

Several Russian investigators 15,61 have observed that embrittle-nent of Zn

monocrystals coated with liquid Hg, Go arid Sn was markedly dependent upon
0

strain rate , from 10 to 15 per cent,/minute, all three liquids caused embrittlement

Isee F;g. I 11, .vowever, at lower stroar rates of 10-I to ]O-3 per cent'min., the
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ductility of wetted crystals was increased.

Later Kamdar and Westwood 71 disagreed with these observationi, and con-

cluded that neither liquid Go or Hg Droducea embrittlement in Zn single crystals

(deforming principally by slip) over a variation in strain rate ranging from I to 100

per cent/mmn. These results are compared with the previous results in Fq. 11

The discrepancies between the earlier observations and those of Kamder and

Westwood probably are due to damageinduced in handling the 1 mm diameter crystals

used by the earlier workers. At high strain rates, these damage sites produce

inhomogeneous deformation by introducing kink-bandsd formation in the crystal.

Cracks nucleate from these kink--banjsat relatively low strains. However, when

the testing is performed at low strain rates sufficient time i-4 available for relief of

some of the damage and this results in the apparent plasticization affect referenced

by the earlier investigators.

The effect of strain rate on the deformation behavior of both polycrystalline

and single crystal materials in the presence of liquid metals does not appear tohave

been examined in any great detail. With single crystals, the effect of strain rate

does not seem large. With polycrystalline materials, h<owe-ver, increasinq str•ain

rafes aooear to oroduce a reduction in susceptibility to embrittlement with higher

brittle to ductile trarnsition temperatures.

Introduction

It aopears that a comprehensive study of the combined influence of tempera-

ture and strain rate on the transition from ductile to brittle failure is needed. The

data obtained would give a measure of ductilit-y (per cent reduction in area) and

strength (ultimate and fracture strength) as functions of strain rate and temperature.

Cractu'- surraces 3nd -racture times cart 6e examined to gain some information
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pertaining to the dynamic aspects of fracture and in oarticulor the transport

mechanism.

This report represents the results of the initial tudies in this research task,

where a series of experiments hove been conducted with steel (AISI 4145) em-

brittled with 0.22 per cent lead internally distributed in the material. A second

material examined was aluminum 2024 T4 which was embrittled by pure liquid mercury.

While the test program is not completed, sufficient data are available to

prepare this preliminary report and to conclude that testing temperature and strain

rate both significantly influence the mechanisms associated with liquid metal

embrittlernent.

Material Description

The steel used in this series of experiments was an AISI 4145 grade, cost by

Inland Steel Co. in a split heat, with one half of the heat leaded and the other

half free of lead. The chemical composition of each portion of the heat is presented

in Table I.

Table 1

Chemical Composition of AISI 4145 Steel

Alloying Elements Internally Leaded Non-Leuded

C 0.47 0.45

M11 0.80 0.80

P 0,013 0,012

S 0.025 X2.020

Si 0.22 0.22

Cr 0.96 0. ?5

N i

Mo 0.17 0.16

S0.22 -
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I
A 'urther examination of the lead composix.ion was made by performing on elect, ,-

ofobe analysis of +he inclusions in the steel. This sem;-quantltative analysis indi-.

coted that Zinc (0. 3%), Antimony (0.2 to 0.3%), Tin (0.12%), Bisn.uth (0.6%)

and Arseni.: (0.1%) were present in the inclusions. The percentages given represent

kimpurities 'In the lead. This steel was hot rolled from ingot fo,-to 3 inch square

billets and then subsequently hot rolled into i inch diameter rod. These rcds wiere

then rough moch;,-ed into tensiorn scirens 0.080 in. oversize and austenitized at

1525°F for one hour, oii quenched and tempered for one hour at 9000 F. After heat

trqotrnent the tension specimens were finished machined. This heat treatment resulted

in a nontnal room temperoahre tensile strength of 215 ki.

The aluminun used in thi 5 series of experinrents was 2024-T4 produced by

Reynolds Alum'aumo This aluminum was obtained in the form o- .5 '8" diameter extruded

rod. The chenlical analysis of this aluminutm alloy is presented in Table II. These rods

Table 11

Chemical Cotnposition of Aluminum 202,&-T4

Copper Stilicon MaNganese -MarixTium

4.30 0.22 0.57 1.34

were '•ec;ned into tension specimen and tested. The nominal rooým temperaure

ents;le -trength of th;s alumainum alloy wus '6 ksi.

High pur*ty Hg was obtained from the Bethlehem Appaowot Co. itn 17.35 lb

lots ( Fed. Stock 0 68-0-579-9426), This scvtre materiel wcs processed from

selected stock which was subseqvsently tricle distilled in continuous stoges undei

vacuvn anv controlled !ow temeeroture. After processing the Hg purity was in

excess ol W.?9*2

/K
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E.xpermental Procedure:

Test of unioxial speci mens of 2024 T-4 aluminum and internally leaded 4145

steel were conducted on a servo controlled hydraulically actuated test system. The

testing system shown in Fig.12 consists of an electronic console, a loading frame

and a hydraulic power supply. The hydraulic power supply provides up to 20 GPM

of hydraulic oil at 3000 psi to the hydraulic actuator. The actuato (ta 6 in.bore

with cn 8 in.stroke ) provides a dynamic force Wp to 42,000 lbs with a maximum

piston velocity of about 200 in/mmn. This maximum velocity is established by the

20 GPM cacocity of the ýervo control valve which adjusts the flow of oil in the

hydraulic actuator.

in operation, a linear positive ramp voltage is applied as a command signal io

the servo-a iilific-. This command ;xoduces a constant pisto.n velocity whe-n or'

LVDT transducer ;s usecd to provide the necessary feed back signal to the servo-

ampli'ier. A typical example of the actuator displacement as a fiu'iof of tirre is

shown :- Fig. 13 . By controlling the slope of the ramp comrmand signal the6 pston

velocity was varied from 0.016 to 160.0 in, mnn. Tests were conducted at v;it.on

veloc;ties of 0.016, 0.160, 1.60, 16.0, 160 in/rmin. The ramp signals associated

w;tO te khiher aiston velocities were oroduced by a sianoal enerator (HPtype 3300A)

and 4,e lower piston velocities were produced by a curve following programmer

fReseorc6 Inrcoracorated Data Track).

e aorce or the smecirren wos measured by a load cell (10,000 Ib -opocitv)

or'c read out on a Y - t recorder ior low piston velocities or a storage oscilliscope

'o. 'igh ,ston velocities. A typical example of a force-time record obtained from

jIurn;nur". suec-mens is presented in Fig. 14 . These re-ords were toý.en on each test

•"c usec !o esOblis'- 0-e aorce oissocited with tle ulirimate and fracture strengths and
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the time required for initiation of yield and for complete fracture.

The strain rate reported for each test represents a value associated with the
0

elastic response of the specimen. In this sense, the strain rate c may be computed

from
0

S= V/Ie (2)

where V is the piston velocity

Ie is the effective gage length of the specimen

The effective length of the specimen was determined from the expression

= Al/e Vty (3)

where " is the yield strainY

t is the time required for yield.
Y

Typical values of Ie associated with the steel and aluminum specimens were 6.5andCI
5.0 inches respectively.

After yielding occurs, th, strain rate computed by Eq (2) is much lower than

the actual strain rote. This difference is due to the concentration of the deforma-

tion at the neck of the specirmn whicS in effect reduces the effective gage length

of the specimen by about on order of magnitude.

The post yeld smiet ft wai examined by placing strain gages a the neck

soctmo of severol ucmi umn speciores and • crdlng the strain on these specimens

in the Pmot yield region. The go-as were Micro-measurements Type EA-13-.250BB-120

nd w•ee placed circu feret-filly c•bout the specimen to we the- transverse stramn.

A typicol record showing the tr;nsverse strain as a funct'-on of tikn is •,-•-anned in

F°. •5 . From "his record it ;s evident that th0 st-icin tote after -•ld. markedly



10U

higher than the rate established d,.;;,ig elastic loading. The strain rote during the

elastic portion of this test (1 .60 in/min piston velocity) was recorded as 0. 1194

in/in/min while t+e strain rate observed in the post-yield region was determined to

bt 1.412 in/in/mmn Thus, the ratio of ,the plntic to e!ostic stroin rates was 11 .82

and this ratio was considered as constant for testing performed at higher and lower

strain rates.

The temperature of the specimen was maintained with a single zone tube fur-

noce and the temperature was measured at the neck section during each test with a

022 gage chronel-olumel thermocouple tied to the specimen. The output of the

thermocouple was recorded on a strip chart recorder prior to and during the test.

Due to the fact that the geometry of the tension specimen, as shown in Fig. 16,

contained a minimum neck section the deformation area was highly localized and

temperature grodienis along the length of the tube furnace were not important.

Of more concern was the sharp increase in temperature recorded during the

test. This increase was due to the heat generated as the specimen was plastically

deformed. Temperature increases of 20 to 25OF which were encountered remained

essentially constant, independent of the strain rate. It appears that the lock of

varirtion of the temperature is due to the adiabatic generation of heat during the

deformation process.

Results:

The results obtained by testing AISI 4145 leaded steel ore shown in Figs. 17

to 20 where the fracture strength "f, the ultimate tensile strength -u , the propor-

tional limit pI cod the per cent reduction in area are given as a function of test

temperature 'or a specified strain rate. It is evident in all cases that the strength

and ductility decreases monotonically with increasing temperature until a minimum
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is reached corresponding to a temperature in the range from 600 to 850°F. For

higher temperatures, the material regains its ductility and the -acture strength

shows a marked increase.

Loss of ductility (defined as failures with RA less than 10 per cent) occurs

over a temperature band which varies with strain rote as illustrated in Fig. 21. It

is evident that the temperature bond associated with embrittlement remains essen-

tially the some (about 200-25O&F) and that both the upper and lower temperatures

associated with the embrittlement band increase with strain rote. The effective

shift in the RA-temperoture profile with strain rate is illustrated in Fig. 22 where it

is evident that three decades of strain rcfo effectively translate the RA-teveraoture

profile by about 150°F.

The effect of strain rate on the per cent RA is shown for testing Vemperatures

of 75, 300, 450, 600, 700, 800 and 9000 F in Fig. 23. It is clear that

the strain rate has little influence at room temwrotaire where the RAwas constant

at about 42 percent of at 7000 F where t-he material exhibited very little plastic de-

formation. At all other temperature the effect of strain rate was prorouncod.

The recovery temperature TR (defined here as the temperature et which the

material regains a RA of 40 percent) is presented as a function of log o in Fig. 24.

These results are similar to those reported previously by Rostoker et al where it was

noted that the temimerature-strain rate reiation could be expressed as

0
TR = A -B log 10 c

The constants A and 8 depend on the ductility. In this cose where TR was

established at RA = 0.4, the constants A and B were determined as:

A = 9090 F

B = 43.6°F
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The time necessary to complete each strain rate test is one measure of the

dynamic aspects of the fracture process under LME conditions. The : *e to reach

the lood associated with the proportional limit tpi and the time to reach the froc-

ture load tf are given in Table Ill. Also shown in this table is the time difference

St = t - t f, the strain rate, test temperature and percent RA . Examination of

these results shows that 6 t is minimum whenever embrittlement occurs and RA is a

minimum. Thetime difference decreases roughly in proportion to the strain rate
0 0

being 5.5 seconds for e = 0.0025 in/irVmin to 50 millisec. for o = 2.46 in/in/min.

At the very high rates of loadings with timedifferences (which must be greater than

fracture times) of 50 millisecs. average crock propogationrates exceeded 2 irvnec.

The results obtained with aluminum 2024 T4 correspond to both a liquid mer-

cury and an air environment. In all cases, the results were compared to show the

combined effect of temperature and strain rate under both environmental conditions.

Results showing the percent reduction in area as a function of temperature for

both conditions are presented in Figs. 25 to 29. These results correspond to strain

rates o! 0.003, 0.03, 0.30, 3.00 and 30.6 irVtir/min. In the presence of air, the

RA increases monotonically with temperature increasing from about .30 percent at

750% to 50 or 60 percent at 600°F with the larger value achieved at the higher

strain rates. The results obtained for RA at strain rates of 0.003, 0.03 and 0.30

in/in/miri with a liquid 14g environment show marked embrittlement for testing

temperatures in the range from 75 to 4000 F. ýIowever, ai higher temperatures the

aluminum recovers its ductility and exhibits a very sharp brittle to ductile tronsition.

Indeed above the recovery temperature, the RA measured in the (Hg)L environment

was consistently highe; than that measured in air.

The influence of strain rate on RA is more clearly illustrated in Fig. 30where
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Table 
I1 I

Time to Proportional Limit tPl and Fracture t, for 4145 Leaded Steel
t" = 0.0025 in/in/min

Temp (OF) R. A. M t PI(sec) tf (sOe) A t (sec) Spec. No.

75 38.0 155.0 402.0 247.0 W- I
310 25.5 160.0 350.0 190.0 W- 6
410 17.4 150.0 305.0 155.0 W- 7
500 14.1 144.0 277.5 133.0 W- 8
600 9.7 147.5 236.0 89.0 W- 9
700 5.5 142.5 147.5 5.5 W- 10
750 4.8 137.0 157.0 20.0 W- 3
800 62.6 125.0 472.5 347.0 W- 4

9 = 0.025 in/irVmin

75 44.2 15.5 42.4 26.9 Z - 1
300 36.1 14.7 38.0 23.3 Z- 2
400 26.9 14.7 35.2 20.5 Z- 4
500 22.4 14.7 31.0 16.3 Z- 3
600 13.1 15.0 26.1 11.1 Z- 6
695 3.2 14.6 16.5 1.9 Z- 5
745 4.9 12.2 14.3 2.1 Z- 7
805 6.4 12.0 16.2 4.2 Z- a
825 7.7 13.2 13.7 0.5 Z- 9
850 65.4 12.7 53.2 40.5 Z-10

S= 0.23 irVin/min

75 42.4 1.75 4.23 2.48 Y- 1
300 40.2 1.60 3.97 2.37 Y- 2
400 29.5 1.63 3.80 2.17 Y- 3
500 24.9 1.63 3.50 1.87 Y- 6
600 13.6 1.58 2.67 1.09 Y- 7
700 6.4 1.55 2.00 0.45 Y- 8
750 6.8 1.52 1.82 0.30 Y-10
800 6.9 1.49 1.91 0.42 Y- 9
850 5.0 1.47 1.95 0.48 Y- 4
875 67.6 1.56 5.45 3.89 Y- 5

0
2.46 in/in/min

75 42.1 0.167 0.376 0.209 X- 1
300 40,2 0.150 0.370 0.220 X- 2
400 37.6 0.157 0.364 0.207 X- 3
550 22.3 0.155 0.305 0.150 X- 8
600 20.8 0.165 0.307 0.142 X- 9
700 3.3 0.145 0.205 0.060 X - 10
800 6.4 0.151 0.201 0.050 X - 11
875 6.5 0.145 0.196 0.051 X- 4
900 4.5 .---- ---- . X- 5
923 22.3 0.143 0.288 0.145 X- 6
940 71.4 0.135 0.474 0.338 X- 7
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RA versus O curves ore shown for test temperatures of 75, 300, 450, 475 and

5000F. it is clear that the effect of increasing the strain rate is to markedly

decrease the RA. This sharp loss of ductility with strain rate becomes more

pvrvunced at the higher test temperatures.

Similar results for the fracture strength of, as a function of temperature

are given in Figs. 31 r. 35. These results clearly indicate that the fracture

strength is sharply reduced by the presence of liquid Hg over the temperature

range from 75 to about 400°F. After the recovery of ductility, the difference

in fracture strength between specimens tested in air and Hg is quite small.

While further tests must be conducted to complete this investigation,

sufficient data has been taken to indicate that the recovery temperature TR

increasing with tw log c as indicated in Fig. 36. The general trend of the

influence of strain rate on TR in the 2024 T4 aluminum is similar to that noted

for the 4145 leaded steel.

Future Wo"k:

The current work with the aluminum will be extended to cover the tem-

perature range from -75'OF to room temperature. The loading frome will be

modified with a cooling chamber rep!ocing the furnace. Liquid nitrogen will

be employed to establish temperatures down to -50 o to -100'F so that the

tests can be conducted with the aluminum at temperatures in the region where

the Hg solidifies. These low temperature tests will include the five different

strain rates from 0.003 to 30 in/in/min.

After the test program is completed the frocture surfaces of the aluminum

specimens will be examined and an attempt mode to classify the fracture zones. It is

I
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anticipated that characteristics of the fracture surfaces can be related to tempera-

ture and strain rate in the presence of the embrittlng agent or in air.

Finally an attempt wiHl be mode to interpret the results in terms of the exist-

ing fracture theories. It is anticipated that the strain rote dependence of the

fracture stress will allow a choice between various transport mechanisms on thebasis

of their characteristic rates and activation energies.

Work will also be initiated on a related task where a series of experiments

will be design to study crock propagation as affected by liquid metal environment.

In the tests dezcribed to date (in relation to an embrittling environment) the liquid

metal is in contact with the base material as the load is applied over relatively

long loading intervals. This procedure is not adequate for measuring the time

required for crack initiation since the effect of the time spent at stresses lower than

the critical value can not be assessed. It is proposed to change this testing procedure

and to apply a static load to a specimen and then dynamically apply theembrittling

agent.Withthis approach the specimen (aluminum) in plate form would be locimd in

uniaxial tension and the embrittling agent applied dynamically. The resulting crack

patterns would be recorded by using a F-stax camera (both 8 mm and 16 mm models

are available). The crack propagation rates ore relatively low and consequently

framing rates of the order of 1000 or 2000 frames/sec appear suitable for tracking

the formation and development of the crack patterns and to establish initiation times.

The parameters which can be varied in tests of this type are almost unlimited.

They include stress level, temperature, base material, embrittling agent, the quon-

tity of the agent, the spatial distribution of the agent, the preawmw of the agent,

specimen size, and stress distribution.
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3. The Effect of Structural Metal Purity on LME

Chief Investigator: W. R. Worke
Associate Investigators: P. Gordon, N. N. Breyer
Graduate Student: S. Dinda

Purpose: To study the effect of segregation of trace impurities to grain boundaries

or' the embrittlement in LME.

Introduction: Intergranulor fracture is observed in both liquid metal embrittlement

and temper embrittlenfent of steel. It has been well established18- 10 1 that the

reason for the selection of an intergronular path for fracture in temper britt!e steel

is the segregation of trace imprities such as antimony, tin, arsenic, phosphorusetc.

to the grain boundaries. In the present program, the effort will be mode to evaluate

the role of these trace impurities and their segregation to the grain boundaries in the

liquid metal embrittlement of steel.

Recently, it was reported 1 111 that steel heat treated so as to be temperbrittle

was more susceptible to hydrogen embrittlement than the some steel without the em-

brittling treatment. The static fatigue life and the minimum stress for rupture were

less for the temper brittle steel in the presence of hydrogen. In view of recognized

similarities between hydrogen embrittlement and liquid metal embrittlement, these

results are very encouraging and support the expectation Oiat :-.eel with segregated

impurities in the grain boundaries will be more susceptible to embrittlement in pre-

sence of a liquid metal embrittlement.

Progress and Plans: Five ingots of 20 pounds each were received from the Research

and Development Laboratory of General Electric Company, Schenectady. Thebase

composition of the vacuum melted material is 0.40% C, 3.5% Ni and 1 .7% Cr,

and the special additions to the base steel are as follows:
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1. Base composition, no addition

2. Base composition + 800 ppm Sb

3. Base composition + 500 ppm Sn

4. Bose composition + 500 ppm As

5. Bose composition + 500 ppm P

The ingots were soaked at 2075OF for one half hour and forged to 3/4 inch

round bars. The bars will be drawn through die to an appropriate size for machining

of tensile specimens. Materials from each ingot will be heat treated in accordance

with procedures given in the literature and known to give unsegregated, unembrittled

and segregated, embrittled states respectively. For the unsegregated condition, the

material will be austenitized at 850 C (1562 F) for one hour, then quenched into

oil, tempered at 625 C (1157 F) for one hour and water-quenched. For segregation

of impurities to the grain boundaries, the water-quenched samples will be given an

embrittling treatment which involves step cooling through the temperature range from

600 C to 350 C (1112 F to 662F).

Elevated temperature tensile tests will be carried out for the following four

conditions:

a. Unsegregated, non-wetted

b. Unsegregated, wetted

c. Segregated, non-wetted

d. Segregated, wetted

Pure lead will be used as the embrittling liquid mnetal applied to the specimen sur-

face. The results after elevated temperature tensile will be compared in each case

and the role of these trace impurities in liquid metal embrittlement will beevaluated.
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4. The Effect of Purity of the Embr'ttling Liquid Metal

Chief Investigator: N. N. Breyer
Associate Investigators: J. W. Dolly, W. R. Worke
Graduate Student: K. L. Johnson

Purpose: This investigation is a study to characterize the effect of lead composition

on the fracture behavior of externally wetted 4145 steel.

Introduction: One of the more intriging aspects of LME is its apparent specificity.

It is often stated that certain liquid metals only embrittle certain solid metals.

Furthermore, the additions of small amounts of impurity elements to a specific li-

quid metal embrittling oagnt can dastically affect the fracture behavior of the

solid metal. The (undomentol factors which determine whether or not a given

liquid nmtal or liquid metal alloy will embrittle a particular solid metal, and the

extent to which the embrittlement will be induced, am not understood.

This study was initiated in order to quantitatively determine the influence of

changing the composition of a liquid artal tmbrittling agent (viz. Pb) on the frac-

ture behavior of a high strength alloy steel. Binary alloys of lead with second

element additions of tin, antimony and zinc are included in this study. An. attempt

will be made to understand the specificity of these additions to pure Pb in terms o f

their physical and otomistic characteristics.

Progress and Plans: Base line elevated tempercture tensile (ETT) properties of 200

ksi nominal UTS non-lead 4145 steel, surface wetted with pure Pb, Pb-0.5% Zn,

%b-2% Sb, and PM-99% Sn alloys (percentages are by weight) have been determined.

Brittle-to-ductile recovery temperature differences as large as 3000F occur as the

wetting metal composition is changed from pure Pb by the additions of the above

element to the Pb. The ETT properties of specimen surface wetted with pure Pb and

Pb-0.5% Zn cre presenied in Figs. 37 and 38 respectively. It can be noted that
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TV .•- ,• pu r , rim r r • s td ,e Dreftte-to-ouctile recovery

temperature 100;•r higher than that for pure Pb alo•.

The systems Pb-Sb a.nd Pb-Sn have been chcsen for complete chorocterization

for decreasing secoad element composition, down to trace element percental es. These

systems were selected for t-o reasons: I) both systems exhibit an initially high reco-

very temperature (2500° 300OF above that of pure Pb). 2) a wealth of physical and

thermodynomic data are available in the literature on these systems.

The system Po-Sn has beep completely characterized frr second element (i.e.,

Sn) c•mpos~tions of 9, 4, 1, 0.5, 0. 1%. The ETl properties of 200 ksi nominal UTS

non-leaded 4145 steel surfacce-wetted with the above alloys are shown in Figs. 39

thru 43. It car, be seen that as the Sn composition of these Pb-Sn alloys increase

fro'n 0.1% to 9% the recovery temperolure (that temperature at which the material

reaains a reduction in area of 40%) steodily increases. The effect of Sn in Pb on the

LME of this material was fCund to follow the relationship

/TR ,A log,10 (%Sn) + 8

Fig. 44 illustrate t•,is relalionship between the reciprocal of the absolute recovery

temperature and the log1 0 (%Sn).

The effect of Sb on surface wetted Pb alloys is shown in Figs.45, 46 and 47 for

2, 1 and 0.1% Sb alloys of Pb respectively. Notice the mnrked deleterious effect

which small Sb additions to Pb has on the LME characteristic of the 200 ksi nominal

UTS alloy steel. For 2 and 1% Sb alloys, the brittle-to-ductile recovery temperature

was greater than 975?F (qbove the original tempering temperature of the specimens).

The Pb-0. 1% Sb surface wetted alloy (Fig.47) pronxi-ed a recov--.-y temperature of
8350 F. At the present time !iN. M-'•Sb has not bein c.ompletely characterized, however,

nrew b-Sb alloys have been made and ietti,.g of these alloys is row underwtcy. It is

hoped that by completely characterizing the effect of these tw'>, binary systeis, Pb-Sn

and Pb-ib, as týv ETT behavior of n hgth strength steel, a better understoncin-d of the

soec'.c;!y oF second elemen, odditions to an embrittlinc agent can be glecnred.
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5. The Specificity ztf E•t6rittling Systems

Chief Invetstigator: W. R. Worke
Groduate Sudient: F. A. Shunk

Purpose: To re-evaluate the present knowledge on this subject by a complete and

critical review of the literature; ultimately, to develop further pertinent experimen-

tal evidence to fill in gaps, and to perform critical experiments to distinguish between

available and propomed rationclizations.

Progrz-s: The idea of specificity in liquid metal embrittlement (LME) appears to be

der;-ed from the conclusion of Rostoker et all12j thai s.... lquid metal embrittlement

is not general; the mating of specific couples is a necessary condition." This conclu-

sion was baewd on the observations reproduced in Table I and on their literature survey.

Attempts 112,131 to rationalize these observations have been, at best, only partially

successful.

These rationalizations are phenomenologic-a in character; to re-examine and

re-evaluate them on a more fundamental basis suggests the need for an operational

definition of non-ermbrittlement. In on obvious manner, ote can proceed from a con-

sideration of the evibvittlement trough which is associated with LME; this trowghi is

readily described. As the test temperature is incre-•sed, a grudual traoitiot from

ductile to brittle behavior --- as meoesrud by !he irocture stress ancdor ductility at

r'acture relztive to the some quantities when the specimen is faotured in air --- is

observed (the onset of this tronsition is belorv t62 melting point of the test liquid in

those caos-i 11 4-161 for which it has been reportedI. At some higher temperature, the

frocture behavior is again identical with that in air; this reflects the high temparcture

side of the trough (brittle-tv-ductile transition). Non-eibrittlernent is then defined

as that condition where there is ro chonge in the Fracture behavior due to the presence
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of thee ts liquid as compamd to the frocture bsovieor 'es air o•e.r a tomperiur

r?-ue w!hich includ"s the melflng !oirn (or liquidus) of the teo liq~Ld.

The frst Phas of "he tas of rationalizing specificity has beon a liltoature

-- ch which has a two-fOd ob.ective. The frit of these objectives is to up-doe
Oning tabulations of ce&.*l* which have been ;nvestigated while the second is to

OCu-Y-WIC" infOM-tion COO th t4#t coditions unds which emtrittlement or non-

w, ahi••d by 0 vaorious investigators. This latter obiective i of
partic•lor i nce in c MFyi,- a prit;ulor couple as non-ambrittling which i.,

of course, the bask. of tpciicity.

For trhtile•w.o to be *Tt-v-, it ;s womary that the test tenperature be in

the lhm-ttrugh. Data regording bow the d&Wcile-to-brittl'. transiticii tern-

P~rtn( tmerature side of thas erouah) is afflicted by test variables we meager.

Ak oh e is kn~own u~bou the, brisf-todctil. trartsition which occurs above the
.itiv .ooWm (Orflqu••s) of ftl telst fuwid. The teaparotun of the upper transiion

is stfragly influnced by (a) s'0 grain sze of t4 sotid, .C) the strain rate of the test,

and (c) the composition of thhe 1'iquid wid i's influen-ced vo"*what less by the com~pohi-
ti•n and streanth lev.-Oi of the solid, Thu,, prior to 6f-nring a porticutor liquid/solid
couple as non-etbrittling, It is necessory to 6saw (in term of the ove definition)

that a brittie-to-, ctile tr ion does nat occtu. Most . ic nvest-*torsaP
to recognize this requir t because tery A 4n n-embrli.g' couples h ae been

reported since the appearance of the monograph by Rcstokl et af.'121 All of th*
couples which have been claimed to be nan- rittling, as determined by th. litera-

ture search, art summarized in Table 2 ; the limits t* Ohe claim of none.rittIem;.t

are indicated In the footnotes to the table. Comparison with the definition of non-

e.-brittlement shows (since most of these couples were reported as non-tabrittling on
the besis of testing at a shn~gle tempercture cboe the melting point of the test liquid)

S......1in o n ....................................... .................................. .................................... ...........................................
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that rrst of thes couples are not established as non-embrittling. A second group

(unfortunately large) are reported as non-embrittling with no specific chracteriza-

tion of the testing conditions (although, in some cases, inflences may be drown by

referring to the tests with embrittled couples in the same weA).

In addition to tests which ore mode outside of the temperature regime of the

embrittlement trough, *non-*mbrittlement" may be obzerved if the test liquid does

not wet the solid and/or if there is no suiff%!ntly stable barrier to dislocation flow.

The latter possibility is suggested by the observation of Nichols and Rostoker'7 that

alloys ore more likely to be emnrwttled than ore pure metals. Anthermore, such Q

condition would be consistent with 0* above definition of non-embirttlement and

simultan•ously would give an operational definition of specificity. A definition of

this type could be takn to imply that the liquid plays only a small role in LME

(specifically with regard to the ubond-wooing" model) and even that specificity

as a co-operative phenomern between the embrittled and embrittler materials ( as is

usually 112,13) implied) is not a mal aspect of LME. Of course, specificity resulting

from co-operatve �penome may exist, but at the preent time it must be consi-

dered as not established. The possibility that both "flow stress" and "co-operative"

Ypecificity occur also exists.

The literature search has yielded an up-dated listing of clearly established em-

brittlemen; couples; these couples are summarized in Table 3 . This table is organized

on the basis of increasing melting points (of the base element in the co of alloys), the

most significant aspect appears to be the seemingly random appeorance of embrittling

couples. This scatter would seem to exclude a simpk relationship between embrittle-

r-ent and some physical property.

In the rationalization of embrittling couples presented by Westwood et al 113|

LI
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U TAFI: A

Elemental Embrittlement Couples

A. Ordred by Pouling I ctronogativities

Cs No Li Go Cd In Pb Sn TI Bi Cu Hg Sb

Al .1 .4
Zn .0 .2 .2 .3
Cd -1.0 -. 1 .I
Fe .1 (?)
Go -. 2 -. 1 -. 1 .0 .0 .0 .I .1

Ni -. 8 .0
Sn -. 2 .1
Ag -. 9 -. 3 .0
Bi .0
Cu - ., -. 9 .0 .0
Pd -1.2

19B. Ordered by Gordy-Thoms .Electromwivities

Cs No Li Cd Sn Hg Go In Cu TI Bi Pb Sb

Al .26 .28
Cd -. 79 .07 .22
Sn .13 .15
Zn -. 01 .12 .14 .27
Ag -. 72 .10 .12
Cu -. 87 -. 86 -. 04 .04
Bi -. 08
Fe -. 05
Ge -. 32-.25 -. 10 -. 08 -. 04 -.04 .03 .08
Ni -. 97 .0
Pd -1.25

- i l~l
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U
it is suggested that embrittlement is associated with a small difference in electro-

negativity between the liquid and the solid. This criterion parallels the "non-existence

of intermediate phases" criterion of Rostoker et al.[ 121 The couples in Table 3 which

consist of (nominally) pure elements only am retabuloted in Table 4 according to

increasing electronegativity; the difference in electroeiegativities is recorded in the

table. As suggeted above, the scatter noted in Table 3 is still evident. The cotre-

ponding analysis of the intersolubility "rule" suggested by Rostoker etai.has not been

completed but several exceptions ae known and a similar random pairing is anticipated.

Future Work: The initial phase of the experimental work will be concerned with

establishing a non-eanbrittling couple. The six elemental couples in Table 2 (Sn/AM,

HS/Cd, Hg/Fe, Go/bi, Go/ Cu, Pb/Cu) ame the principal candidate couples.

The analysis of known erybrittling couples in terms of both phenomenological and

theoretical models will continue as will the literature search.

6. Direct Measurement of Surface Ener'is

Chief Investigator: E. Zwicker
Associate Investigator: P. Gordon
Graduate Students: R. Hudec, (A. Findeli)
Undergraduate Participation: 2 NSF supported physics

undegraduates
2 unsupported physics

STo measure surface energies by means of microbolance measurement of the

force-distance curve when atomically clean surfaces are brought together.

Progres and Plans: To date, the experimental and theoretical aspects of surface

energy have been subjected to a thorough literature survey, and the survey continues

at a modified pace. A card file lists a total of 291 reference articles cross-indexed

I
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UI
by author and subject. Of cours, 125 articles have been collected and cataloged,

and ar in a metal file cabinet housed in the Solid State Psics Laboratory, 114

Siegel Hall. Subject matter is listed under the Ollowing file headings:

Theoretical Calculations

Experimental Determinations

Surface Measurements

Surface Preparation

Environment Effects

Temperature Effects

Plastic Flow at Crock Tip

Initiation and Propagation of Crack: Dislocation Models

Ultra-High Vacuum Technology

Solid-Liquid Interfaces

Liquid Metal Embrittlement

Photomechanical Effect

Books - general

The research file has been organized in a manner to help solve four exceedingly

difficult experimental sub-problems of the primary surface energy problem:

1. Production of ultra-high vacuum, of the orderlO010 to 10- 11 tort in a

chamber capable of containing the microbalance and sample handling

and measuring equipment;

I1. Measurement of the short-range attractive forces:

Ill. Control and measurement of the inter-surface separation;

IV. Production and measurement of the atomically-cleon sample surfaces.

Progress has been most rapid in solving the first sub-problem. After receiving

I
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bids and advice from Ultek, Vorian and Veeco, an ultra-high vacuum system has been

ordered from Ultek. The TNB-X-75 Ultek system offers the greatest flexibility of the

three systems, and appears to be the most satisfactory for the experiment. It consists

of two sorption pumps for roughing to 10-2 torr in about 3 minutes, a middle stage of

titanium sublimation pumping using a copper cryo panel which can be cooled with

liquid nitrogen, and final stage of differential ion pumping consisting of three,

25 liter/second units. Additional ion pump units may be purchased aid installed, if

required, to boost total ion pumping to 200 liter/second. The additional cost to do

this would be $135 per unit, less than S700 total. Ultek also offered the best working

volume, a stainless steel bell jar, 12 inches in diameter by 12 inches high. It has

two eight-inch ports, three six-inch ports and four two-inch ports, and was originally

designed for Auger spectroscopy and low-energy electron diffraction work. A special

poppet valve enables isolation of the pumping section from the bell jar. In order to

be capable of vacuums of the order 10- 1 torr, a bakeable gold-sealedvalve (Granville-

Phillips) will be used to isolate the roughing stage, rather than a stndarWd, viton-

seated valve. A combination ion pump control and sublimation power supply is

standard with the system. The ion pump control includes a meter which will read

system pressures from 10-4 down to 10-9 torr. In order to read pressures into the 10-11

torr range, a Boyord-Alpert type gauge will be ordered installed in the system. The

gauge is compatible with a Veeco Ionization Gouge Control (Model RGLL-6) which

reads into the 10-12 tort range, and which is available from the Metallurgical Engi-

neering Department. The Control and original gauge were found to be in working

order at an earlier date, though the gGuge cannot be used efficiently with system

ordered.

Another foature of the Ultek system is the shielding of the bell jar volume
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against gas discharge which occurs during operation in the widdle stages of pumping.

Such disch•rge destroyed the coil of a Cohn microbalance used in asytem by RCA,

accordingtoMr. JamesT. O'Brien of RCA'sSpecial Products Engineering, Sommerville,

Nev Jersey, (private communication). Another factor considered is the stray magne-

tic field from the ion pump magnets in the volume of the bell jar space. Ultek claimed

the lowest field of the tlree manufacturers. less than 10-3 gauss, which comporeswith

Earth's field, and so will not affect operation of the Cohn microbalance.

The UHV system is to be delivered in late July, and will arrive completely

assembled and factory pre-tested to achieve pressure in the range 10-1 tort. Since

it weighs about 500 pounds, a ieavy-duty, portable winch is being outfitted with

stainless steel c..le and hooks, so the system may be moved into proper mounting

position. The winch will also serve to lift the stainless stell bell jar fron. the system

to facilita~e mounting experimental equipment within the system, and to service the

system on occasion. The system will be mounted on an aluminum base plate mecsuring

36 x 48 x 3/4 inches, which is on order. Ultimately, the base plate will be suspend-

ed on a vibration isolation device. It is expected that both Haber Instrument, Inc.

and Lansing Research Corporation will be consulted more closely before September,

regording particular proble.rs of vibration isolation. Lansing manufactures isolation

tables which are in effect mounted on cushions of air.

After the UHV system has been mounted on the base plate, it will be tested

without opening it to atmosphere, ;n order to see that it meets specifications. This is

expected lo occur by the middle of August. Or'ce the system performs satisfactorily,

"the belI jar wilt be opened to an atmosphere of dry nitrogen, and a chemically cleaned

specimen of KC1 will be introduced in order to test its outgassing properties. Such

tests will be repeated with metallic specimens as well, and practical information will

be obtain about the need for bakeout of different types of specimens.
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A means of bosing_ out the enture system at temperctuies in "heir rarlg of 90?C

to 4060C is currently beirg desigrned, and sýoiild be ready to fit to the system during

August and September.

S6'-prblebe !1, the measurement of the short-range attractive fosx.i, istolvtd

in principle by the model RH-UHV cutomotic wecording electrobolance mode by Cohn

Instrument Company. The bohounce is designed for use in vocuunnr into the 10- 10tor"

range, and capobie of continuvus recording of changes in Morce over at least two

orders of magnitude. Measurement of mamll forces is limited by the sensitivity of the

balance to 2 microgro=es change of force, while large forces are measured to four

significant figures up to a force of 20 grans weight. However, the balonce may not

r--atsy the requiremcnts of tie experiment compiete~y, a ci roce;ristkc of the Ilonce

"which must be established is how steadily the beam of the balance maintains a COM-

tant position, which in turn determines how well a given inter-surface seoroticn can

be t,,intaned between *e -.urfoce-ernrgy specimens. Such knowledge is dirvctly

"related to solving sub-problem Ill, the control and measurement of inter-surface

speocrtiori. It is known that the model G-2 balance is sensitive to change of boem

position of 100k , but for the present wori a sensitivity down to the order of 10 *

would be desirable. In a recently discovered article titled "Adaptation of the Cohn

Electrobolonce Control System to the Automatic Operation of A Quartz Beam Vacuum

Microbalance, (Vocuum Microbalonce Techniques, vol. 6, Plenum, Newe York, p. 4 5),

W. E. Boggs reported modifying the optics of the balance to be extrmal to the

vacuum system. With the kcnowledge that this is practico:. it s•l:ould be possible to

design an external, optical interference system to read and control the balance becrn

position. It is not clear wi•ot the limiting design ;ctom ore, and comn•unication with

te CcKn Instniment Comoa•ny is proceeding in order to determine what data exists

Si--tT/



l1'
32

for the model RH-UHV so fr os beam position steadiness is concerned. This informa-

tion should be available before the end of June, if it is ktown, but it may well be

that the data will hove to be establtshed in this laboratory, along with modification

of the optical and control system of the balance. The balance will very probably be

ordei.d before the end of June, and should be availble for testing and preparation

of preliminary experiments before the end of August. The experiments will measure

attractive forces between surfaces in air using techniques similar to those of

Derjogwun, (see status report 2, reference 6) and should be corried out during the

fall term of 1970. Design of the !ystem to measure the separation of the surfaces

(SSS) being tested will begin during July, with the view of cot-plirg the SSS into

the electro-optical system of the balcnce in order to control balance beam position as

well as measure it. Corstruction of the SSS will begin during the fall term.

After the microbalonce and UHV systems have been tested and ore operable,

preliminary experiments will be run to observe how the systems operate in combina-

tion. Such experiments will probably pe-e"-'d the construction and successful opera-

tGon of the SSS, and will simply measure ýhe adhesive force between various types of

specimens brought into contact with each other under UHKV. Specimens will be both

alkali halide and metallic couples, aod it is expected that various c!ac-ing techniques

will be tried ina order to observe the effects on adhesive force. Such experiments will

be of some direct empirical interest to LME, since the adhesive force may be measured

both in tFa presence and absence of the liquid metal, or other forms of metallic em-

brittlement agents, such as the leaded steels.

Two auxiliary problems related to the surface energy measurement are progrss-

ing sat;sfactorily. Crystals of NaCI ore now growing from solution, and are believed

to b! h;qkly oure and perfect in structt•re. The first crystallites have formed, and by
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late July or August they should have grown sufficiently large for our experimental

purposes. They will be subjected to tests such as ionic conductivity measurements

wcd thermoluminescence in order to check on purity. Etch techniques will be used

to check dislocction density. The crystals will ultimately be used in surface energy

measurements to help calibrate the apparatus.

The second problem is to test for the existence of a photomechanical effect in

fracture energy measurements of KC1. The photomechanical effect consists of the

reversible increase in yield strength when the crystals are illuminated with green

light at temperatures below the boiling point of liquid nitrogen. It is expected that

measured fracture surface energy will follow the reversible changes in yield strength.

The fracture energy apparatus is that used in previous work. To achieve the low and

carefully-controlled temperatures, a cryostat has now been constructed and tested. A

mercury monostat s used to control the vapor pressure of the liquid nitrogen by regula-

ting the pressure produced in the system by a vacuum pump. The precise control of

pressure guarantees control of temperature to within 0. 10C. This ;s important, since

the results of Nadeou ( J. Appl. Phys., 35, 669 March 1964) shows a shorp depen-

dence of yield strength on tempurature in temperature ranges to be studied. A thermo-

couple will be mounted in the cryostat to check on the const.ncy of temperature in the

region of the specimen. Special strain gauges are being mounted on the aluminum

strain-gcuge ring, and are being bonded with a special glue claimed to be good inthe

low temperature rarnjes to be used. It is expected that preliminary experiments will

begin by the end of July rnd significant reults should be obtained during August.

The work should be completed during the fall term.
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7. Crystallographic Aspects of Liquid Metal Embrittlement

Chief Investigator: D. L. Albright
Graduke Students: K. H. Buchner

J. A. Wetter (starting June, 1970)

Pu : The measurement of fracture e.nergies at grain boundaries in bicrystol grown

with a range of controlled orientation relationships. The aim is to study the effect

of crystallographic factors upon the fracture energies.

Progress and Plans: Resistance hewting was used to grow single crystals of aluminum

(99.9939% purity) by tJhermal gradient controlled solidification. Portions of these

crystals were .1hen removed and oriented for use as seeds in the growth of bicrystals

approximately 8 in. long. Initially, some bicrystals were also grownby self-nucleation.

In either case it was determined that the bicrystal boundary can be kept relatively

straight and in the middle of the specimen by placing a wire (1 mm dia., high melting

point alloy) along the centerline of the bottom of the graphite crucible. Typical

bicrystals grown ;n each monner r shown in Figure 48.

Back-reflection Loae photographs are being token in oader to establish the

orientation relotionsbips which exist across the two halves of each bicrystal. Table I

summarizes the orientation results to dote. Even though all samples are now being

produced by seeding, the self-nucleated samples have been ;nciuded to help make

several points. First, Table I shows that bicrystals have been grown with both commuon

mid uncommon growth directions in the two halves, Second, for either of these above

situations, it can be seen that 4t is pon.ible to produce scmples with varying degrees

of lattice rotation between the halves. Third, the ability to keep the boundery

straight and centered seens to manifest itself in the occurrence of a wide variety of

interface 'match-ups". All three of these points represent substantial progress toward

t!-e coals out.ned in the oriclnol THEMIS proposal.
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Current effort is being directod toward producing a complete set of long bi-

crystals with precisely controlled orientation relationships. Simultaneously, double

cantilever samples for mechanical testing are being machined from the controlled

bicrystals already on hand. This testing will be done in a liquid mercury.environment.

The test permits a measurement of fracture energy, which will in turn be correlated

with the crystallographic parameters.

Delivery of the double-crystal diffractometer has bee- delayed from April to

July, 1970. When this equipment arrives, determination of the crystallographic

substructure at the bicrystoa boundaries will commence.

8. Effect of Cold Work on Lead Enmirttlementof Alloy Steels

Chief Investigator: N. N. Breyer
Associate Investigator: J. W. Dally
Graduate Student: K. L. Johnson

Purpose: To separate out the individual effects of cold working and of strength level

on the ewbrittlement behavior of 4145 leaded steel.

Introduction: Investigators studying the effects of cold working on the LME of solid

metals have reported results which are seemingly contradictory. Although these authors

have recognized the difficulty in analyzing and interpreting their results no attempts

have been mode to clearly separate the effects of defonmation mode (e.g. rolling,

mnsile prestrain, die drawing, etc.) as well as theattendert changes in the base ma-

terial strength level with increasing amounts of cold deformation.

A review of the field of LME by Rstoker, et. 01.1201 includes the effect of cold

work (room temperature) on the embi-ittlement of 3003 Al alloy in the presence of

Hg + 3% Zn amalgams. The authors conclude that increasing amounts of cold work

decrease thct alleys susceptibility to LME. The deformation mode in this study,

S.. ..... l l l
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although not reported, was in all probability cold rolling since the authors report

percent elongation at fracture, typical of a thin, sheet type specimen. The degree

or susceptibility to e*mrittlementin thesestudies isusually defined as the difference in

elongation between the dry and wetted specimens for the some degree of cold work.

Saubquent work by Rostoker and Nichols[2 1 '22 1 on age hardened Ai alloys

deformed by pre-strotcbing shows that cold work first produces an increae in suscep-

tibility followed by a progressive recovery with additional cold deformation. The

effect of tensile prestrain on the tensile properties of -brwass in the presence of Hg

has been detailed by 231; it was shown that the susceptibility to ebrrittlement in-

creases with increasing amounts of cold pre-strain. Reference[ 24 1 reports the effect

of cold rolling 70:30 0' brass tested in the presence of Hg - 2% Na amalgams. These

authors show that beyond 25% cold reductions the susceptibility to embrittlement

progressively diminishes until virtually no embrittlement is observed for materials pro-

cz•s'. o 95% cod reducfions.

It is obvious that the previous studies have not produced consistent results. Fur-

thermore, in most of the prior investigotions, the LME characteristics were studied at

only one temperatme. The present study was initiated to further examine the role that

cold working ploy-, in the LME phenomena. The material selected for this investiga-

tion was on AIS 4145 alloy steel, available as 'split-heat" stock. The material's

susceptibility to embrittlement by lead hod been extensively characterized.{91 Half

of this ma.terial was internally leaded and the other half was lead-free. Table I

presents the chemical composition of the two portions of this "split-heatm.
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Table I

CHEMICAL COMPOSITION OF 4145 "SPLIT-HEAT" MATERIAL

Material C Mn P S Si Cr Mo Pb
4145-0 0.45 0.80 0.012 0.020 0.22 0.95 0.16
4145-22 0.47 0.80 0.013 0.025 0.22 0.96 0.17 0.22

This material was selected to demonstrate the sernitivity to Lead embrittlernnr

as function of strength level(25,26,271 and the extersive data available for this

material permits precise base line comparisons125 , 26 , 2 8 1 . Also, this material can

be readily processed by various combinations of thermo-mechanical treatments to a

singulr sorength level (200 ksi nominal in this study) thus obviating the complicating

effects of changing strength levels with changes in amounts of deformation.

An additional purpose of this study will be to relate the effects of different

deformation modes to the emnrittlement characteristics and fractmre mechanisms of

solid metals in the presence of an embrittling agent. In order to gain a better un•der-

standing of the role which cold working plays in the IME phenomena a correlation

between the cold-working effects and the fractographic features of these specimens

wi',) also be attempted.

Experimental Results: In an effort to clarify the exact nature of the t-mrmo-mechani-

cal trectments employed in this study, Table II lists the combination of heat tereatmets

and deformation required to obtain the 200 ksi nominal room temperature tensile

properties for this 4145 alloy steel material, The elevated temperature tensile (ETT)

properties of the leaded-steel resulting from thermal procming alone prior to subse-

quent deformation by cold--acwing are given in Figs. 49-51. An examination of these

figures reveals that the degree of embrittlement (as measured by % R.A. and true

stress at !racture) decreaes as the strength level of the steel is Iowre.
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A slight decrease in bittle-ductile (i.e.,high temperature recovery) transition tem-

perature is also noted.

The trend was shown to exist for another leaded 4145 heat by Mostovoy and

Breyer!25,26,271 The boue line data as a function of heat treated strength (Figs. 49-

51) are presented for later comparison fwr the changes attending cold deformation.

The effect of cold-drawing on the (ETT) properties of this leoded-steel thermally

processed followed by 0,10,20 and 30% reductions are shown in Figs. 52, 53, 54 and

55 respectively. The specimens used in the determination of these curves were all

processed to the some nominal room temperature tensile strength of 200 ksi.

Examination of these figures reveals that at a nominal 200 ksi strength !reel, a

progressive reduction in susceptibility to embrittlement results as the amount of cold-

deformation increases. Furthermore, as the percent reduction by die-drawing is

increased(lower initial heat-treated strength)the brittle-ductile transition temperature

is also progres:ively lowered.

In order to compare the effects of cold-working on the ductility properties of

the leaded steel, the ductility properties both before and after cold drawing are pre-

sented inFigs. 56,57, and 58. The % R.A. at fracture of the 200 ;ci specimens

processed by the thermo-mechanical treat.,ents and the % R.A. values of the material

heat treated to the strength level required prior to cold-drawing (i.e., a lowerstrength

level) are shown.

From Fig. 56 it can be seen that the 10% reduction by die drawing only slight-

ly increased the steel's susceptibility to embrittlement. This increase occurs from room

temperature to 5560F, at which point the two curves coincide. Note, however, that

a 10% reduction by cold drawing has lowered the b.-itle-ductile trcnsitiw. temperature

6elow that of the heat treated value prior to the deformation.
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Twenty percent cold deformotion of the heat treated leaded steel (Fig. 57)

again shows a very slight increase in embritteent susceptibility from room tempera-

ttre to about 350°F. However, between 350°and 650OF the ductility properties for

the cold drawing specimens are higher (i.e., a decrease in LM susceptibility) than

for the heat treated specirrens prior to deformation. The 20% cold-drawn material

also exhibits a lower brittle-ductile transition temperature than the same material

prior to deformation.

Fig. 58 illustrates t*e marked improvement in ductility properties associated

with 30% cold deformation by die drawing. Although there is a moderate increase in

susceptibility to embrittlement from room temp-terature to 450&F a substantial increase

in ductility is shown in the critical embrittlement trough region. As in the previous

cases, the cold drawing has lowered the brittle-ductile transition temperature below

that o! the leaded steel, heat treated to the prior - to - deformation strength level.

From these results it is quite apparent that in spite of the fact that cold drawing

pr•otes the steel to a higher strength level, a decrease in ermrittlement susceptibi-

lity occurs in the embrittlement trough temperature range. It was shown earlier

(Figs. 49-51) that as the heat treated strength level is lowered the severity of em-

brittlement is also *owt;rtd(as is the brittle-to-ductile transition temperature). Figs.

56-58 illustrate that deformation by cold-drawing lowers the brittle-to-ductile

transition temperatures still further, even though the cold drawing process raises the

strength level.

The susceptibility to embrittlement as related to the amount of cold work by

die drawing can be more properly compared summcrizing the ductility properties of

the specimens processed by 0, 10, 20 and 30% reductions in which case all specimens

hove cchieved the sk -e ultimate strength level. Fig. 59 contrasts the ductility pro-

Dertes o: t4e specimens 4*er-no-mechcn-cally processed to 200 ksi with the
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ductility values for specimens heat treated directly to the 200 ksi level (i.e., no

deformation). It is apparent that if one desires to obtain o given strernth level

Fn this material, those processes which involve incremental strengthening by cold-

drawing result in improved ductility properties in the embrittlea.ent trough region.The

susceptibility to embrittlement is decreased with increasing amounts of cold Cieforna-

tion by die drawing. Above 10% cold reductions there is substantial decrease in

embrittlement susceptibility. It should be noted thct increasing cold deformations

also produce larger reductions in the brittle-ductile recovery temperature as conaqred

to the material heat treated directly to the 200 ksi level. Temperature shifts of 45,

50 and 70°F are observed for the 10, 20 and 30% cold drawn material, respectively.

A comparison of the elongation properties of the thermo-mechonicolly processed

leaded steel and the leaded steel heat treated directly to the 200 ksi level is given in

Fig. 60. Notice the unusual behavior of the elongation at fracture of the cold drawn

material in the temperoatre range of 400 to 600°F. The effect of increcsing cold re-

ductions on shifting the brittle-duct.le recovery to lower temperatures is also clearly

apparent.

In order to establish base line data of the effect of cold working alone or the

ductility properties of this steel, specimens from the non-leaded portion of this

"split-heat" were thermo-mechonically processed to 200 ksi(by 20% reduction). The

(ETT) properties of this material are shown in Fig. 61. For comparison, the (ETl)

properties of the non-leaded portion of the "split-.eat", heat treated directly to 200

ksi is also presented (Fig. 62). It can be seen that the 20% reduction has only slight-

ly affected the nature of the yield and ultimate tensile sore.Vth cr•ves. In general,

however, a decrease in both % R. A. and •tue stress of fracture is observed
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for the cold drcwn material. A comparison of the ductility properties at the 200 ksi

level of these two materials is given in Fig. 63. The generni lower*,ng of ductility due

to cold deformation ;s cpp•rent in this figure. it is felt that the initial increase in

susceptibility to embrittler•ent of the cold worked speciit-n- from the leaded portion

of the heat compared to the internally leoded specimens directly hPat treaTed to 200

ksi is merely a reflection of this partial exhoustion of ductility.

Since tte mode of deformation was thought. to plert a significant role in the

effect of cold work on the LME pienomena, c series of intennally leaded 4145 nteel

bars were heat treate-d to a nominal tensile strength of 200 ks; and pr*-stretchmd to

their ultimate tensile strength. Specimens were then machirnef from these 6=rs and

Fig. 64 reports th ETT properties of these specimens. Fig. 65 compares the ductility

proerties of the pr--stret-hd specimens to those of the 200 ksi direct, heat treated

sompe-i One can. see irom these tw.o figtoes that p•e-stretching produces a significarnt

increase in wscept;bility to embrittleatent from room tempercsture to 7225 0 F, i.e., over

the entire embrrttlerrent rc-.-. it is further seen that th;s forrm o", cold working ccuses

no change in the brittle-ductile transition temperature.

In view of the significanca o- the role of deformation mode, additional stties

o; -he erfect of pre-stretching as well a, ome-coapressirn hcve been initiated. Theie

tests are -,v undervy.

A, • o-m esen, time a systemnti: study of ti.ese cold-worked fracture surface

copecroace Ts also treinc con6ducted. " ;s thought that suchi a study will be beneicial

to the understandinrg and interpretation of the -.bove results.



9. FRacture Toughness of Engineering Metais ;n Liquid Metal Embrittlement

Chief Investigaor: J. W. Dally

f5ý: To measure the change in fracture toughness parameters, such as KIC,

induced by various embrittling liquids on AISI - 4145 steel.

Progress and Plans: The. program has not been started as yet since a grodoate student

is net available to work in this area; work will be initiated as soon as a graduate

student becomes available.

It is prcoosed that two series of experirmn% be conducted with 4145 stecl as

the structural metal. In the first seres, the fracture tougne-*s expessed as K|LME

would be necsured as a funcrion of temperature under both wetted and non-wetted

conditiors. The embrittling agents would be •pplied externally at the pre-existing

crack tip. Since initiation of the froctur-e has occurred it v be. possible to obtain

data pertaining to crack progation rates which will give soae insight on the trans-

portation mechaNism in LME.

The second series of teý.s would be on 4145 steel containing embrittling agents

alloyed with the steel. With these internal and locally available embrittlingsjo•rces,

fracttre tou4rness and crack propagation rates nmcy 13e significantly different ihcn

those mecsoed w.th external application of the enýorittling Ogent.

10. Effect of Combined Stresses on LME

Chief investigator: L. J. Brouvrnan
Associate Investigoror: J. W. Dolly
Groducte Students: G. K. MW.hjan. (Stw=er ]9 6 9 ,only)

T. F. Fugiel (Summer 1970)

Purpose: To obtain quontitoive .nfor.mntion on tne effects of con+-.ned stresses in

olteri-ta WME sever~ty.
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Progress end Plans: The reearch is in the apparatus-developing stage. A iorsion

frame, designod for 2000 in.-lb., producing maximum shear stresses of 80,000 psi on

a 1/2 " diameter specimen, has been built to be attached to an Instron testing machine

already at hand. Control equipment has also been provided. A special adapter for

self aligning specimens, kas also been constructed, using molten Woods metal to float

the upper specimen grip for aligning followed by solidification of the Wood's metal

for testing.

Two additional torsion frames utilizing the some principles have been constructed

specifically for static fatigue experiments. These frames have been calibrated and the

torque is applied by adding weights to a looding pan. Initial experiments have been
conducted using 2024 T4 aluminum specimen; wetted with mercur-. The mercury was

placed on the specimen surface using a heat shrinkable plastic tubing. The lower por-

tion of the tubing was sirunk onto the specimen and the mercury was then. placed in the

unshrunk portion which formed a cu.. A ypp;col tc-•-on brittle fracture was obtoined

and also initial experiments in static fatigue ooved' successful producing fzilure times

of uLp to two hours at loads slightly reduced from t0e failure food bteined, at constcnt

loading rate.

During the forthcoming year, the testing program will be concerned with inves-

tigalng cc c.rm•ercially availcble aluminum alloy, 202414, and |iquid mtrcury Ms

;'e e-'$rittlemen-t agent. Torsicz. tests on round bcrs will be perform-ed which give a

ratio o' 1:1 tension to compression stress at 450 to Ov bar axis. Also, the usee of

circu;Iar flat Plates, simply supported around the circumference, and loaded at the

certer, ,v'll be investigated as this produces equal biaxiol stressas ct the center of the

olate. It " -,ssible that the applicatior of c compressive stress in one direction m

S -• -e em-6;-len-em, arocess cmd t!fus raise the embrittlement strength in tihe
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orthogonal direction. This would be not only of practical sign-fictoce but would aid

in the understanding of the crock initiation process.

Two types of meosurements will be mone for all the cJ•,oe experimentol methods.

The emtrittlement strength will be measured by suitably wetting surface before it is

!ood•d. Thus, the embrittlement strength can be determined for the various stressstates

and a failuwe envelope can be created. Delayed failure or static fatigue er4brittleme,

can be naeosured for several stress ratios by applying stresses hzss thin those required for

.hort time ftacture.

It is expected that in the second ccontract year the static fatigue curve for

mercury-wetted aluminum in torsion will be coapleted and omporaed to the static

fatigue curve obtained n tension or bending. In addition, at least two other combined

stress states obtained by either presswiZation of a closed eod th.e or ,cntral loading of

a flat cir'ulcr plate wilf be invtstigated. Cyclic fatigue in tonsion can also be corn-

pared to cyclic fatigue in teision with tho ai-.inun-mercury systerm. This will also

allow us to determrin whether there is a differep.ce between static and :yclic loading

of a material subjected to effmbrittlement.

I!.. Statisticol Mechanics of Fracture and LAME

Chief Investigator: R. D. Larsm
Postdoctoral Investig•aor: C. G. M-;-er
Resevrch Associate: I. Sursteirn

Purpose: To develop the statist•ickl mechcnics osociated with the coricept that frac-

ture, emr•ittlenewnt, and .elated moter'ols 0*-rexr•ine carn Se trected as many-body,

cooperative phe*ioxme, i.e., geome - cwt-xtroph.ies crsi.-Vg from unstcble lattice

con.figurat ions.

Progress: Cur group ;,m -ode sdostant'l xrogm-es this pmst yerc in ottew•pfnq tomodel

.. ]. ......
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features operable in fracture and embrittlement from the viewpoint of statistical

avchanics.. We outlined in our second status report some qualitative feature of a

fisrs-order geometric fracttrre/enabrittlenient model. The details of this model are

the vublect mnofer of a forthcoming techinical report. We ho-ve also completed an~o-

ther techniccl report in which we Isve carried out soate exact calculatio-s relevant

to our geometric model. These exact calculations of the molecular pair distribution

fLunctions for the two-dimensional cell mo~del and for tOe correlated-cell model ame,

vrifortunately, of such a deegree cf difficulty that they connat be extended beyond the

order to which they have been taken. The anaolytical techniqves thot were used there-

in or,- virtually Wre somme, however, that we (C. G.7 Miller) Nave opplied to another

calculation vf consisderable imp~ortance toa our program..

We have been especially interested6 in the chcrocteri--atiori and quatification

of the amening of crystalline (lat~tice) stability inasuch ms we 6hce su~gezted that

unstable lattice configurations imply fracture. It is oemibIe to ascertain a relative

ther.-rodynamic stdoility from a knowledge of the relative five emargies of various

lcrttre arr ays. Dr. Mullei of o~tr gsTop has virrually completed a very tedioa and

lengthly crialytical calculation of the confaqwtiaional partitionw f;..nctirsons ofafamiy of 2-

menv-4'oncl icttices which am genrarted by traislattion of the *hexagonal lattices. A&

4te hexagonal !rttice gjives rise to the donast packinia of 2-so~eres Oie frsnily

cysnetated correVsponds t~o a contitu-s mg-vence- of orderd latti-ce configuratiors a'--d

Dcdi;nqs tha-t cre successively less~ derne. The cell-c-lu-ster fa JMlsm. which we imve

emnployed in ihs work is exact ir. th ( 1-gh density) limit of C tose pack ing but was

not ;ntede teý bt opJcled tn otiw; th=n the limit;,-i Ccrx--igla'on.S. N heviviess-,

ae ii~c beeor- cabe tb cleorl define the- exac-t --- fgureaitviol T"e icn of Euclidimn

srac , wvt'.-ý - syster- o't'shees; accessible. The content of the -xac-t veoician4

~ -eulc~e~..' .~e -~ : s ru v ad def"ne limiling :;o~y~co*s which



exactly for m given subfigue (polytope) construction the conte.nt of thse polytopes

is but an approximation to the exact configurational free volume. The replacement

of hypercylindricol surfaces by their tangent hypetPlanes is exact only in the V-V V0

limit. Moreover, the calculations are able to be done only for smaOll N so it is not

clear what the convergence properties of the individual Q contributions are. Never-

theless, on the basis of those lower bourds, subject to the approximations involved, we

will be able to calculate the. relative free erergics of the family of lattice close pock-

ingi .- ntione,,d•_ cove. This entire calculation and its relationship to pi•.icd eforx=-

"ticn ond crystalline stability will be the subject matter of anotlr*r technica| sepot.

A further aspect of the work being carried out in group is that being droe by

Cr. Btwnste in. She is in the process cf translating on exte;-ave conwiper PWC-ogon

which will enable us to implement the integration of a certain clan of rigid d-iSk

copfiguration space integrals on a digital computer. The unique character of this

work is that the ýntegqrotions are able to bi done exactly mid malytically, It is si.m-

ply not po•ible to do "pencl-acmd-poper' integati',7ns -,f this variety beyond second

or.d_.-. kever, the olgorithln will allow such calculations to be taken to any order,

subicct. only to rre,'y size wnd running tirn requirements. The integcals Lre of the

rUrmN I . UN] M( • clxfl -,•.. dx1 fll^ "

LwNerf", 1 11 IX>O L10 X'.0 I
XL 0

an-, P its Q .alyrýo.;lo in N v'aies:

N
rk =A- =] (k)x.



The integral correponds to ean Wdi~mnb tiul rntlytope enclosed 6y (-)dresoa

hyperplones defined by the arowguvets of the il~ liiail~jn, A 101j Ilti;rogotlii

partition function, Q., i4 able to be liiductfin ;mj # .ulthr.fim ni tudi~ lt*.ttljI1n. fi
programn are being written in ALGOL for WA III Wtsief- 110§:

Pins. In order to simulate additional o,,ects om m ,,.. ... * P4 J -ii II I S-31 1 ml ii ,, 111H
,,_mmm_ l.e model we must woI. with Wthe them #he .r..feed fit Md.$ V!

hove been considering so far. To last the assumption further thot a Lqeomn~r~c) laticke

instability implies frocluut. anid arrbriftletrrnt wo rnut hovyt tnm.~ information as to the
relative stabilities of lattice& that wnrtain varicus kinds of imperfections. An especial-

ly interesting calculation that we have been consider Ing is the affact of tutlintroduct ion
of inclu-sions to c- othe.ise perfect lattice of equi-sized hard parfinlut. WW- Wt;-z ba
able to Fw-n4;Il-t a~~tl theoay~for s~uch inclusions from wmhich we should b-e able to

,--certain the lntiffea ftr1e energies. By varying thie size of the inclusion confinuav.sfy

fromn much larVer thmar the size of the 6=st lattice particle to "ntich im~ller we =aY

observe the effect of incluiparq sirt on lailice ;17=1-lity lit fact, we hrovp the foaciem-

ting situcaion that in the limit of tie size- of the biclusicn becoming vanishingly small
may alia generate lattice vacancies. We are quite interested in the role that

vocancles play, in dipstobilizing a lattice either by local coilopse with of witho-utte

genera-tion if a 4ocaii"or a by a -ror~ehjlwinn of neighboring vc~cacie;. tDiring

our secof-dy-,.- in tie proyrjra wd also intendi to attempt a odi n of various grain

bumndrhry 4P *noamec. We may coinidr the features of tu hard-pcwticle tunnel model

in this context. To simulate on efribrittling environment we c--- construct a gv-iin

hour4~ry '.r'~i~ lovi a iqiuid-IL-k densuily as' intRIM16sfiga rtýtlctas. The i-noiyl-

~icO&l hesaitio chnc ascaed.ih wha r~l ~ iao
-to
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